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Abstract 
The wide use of titanium dioxide nanoparticles (TiO2 NPs) in industrial applications requires the 
investigation of their effects on human health. In this context, we investigated the effects of 
nanosized and bulk titania in two different crystalline forms (anatase and rutile) in vitro. By 
colony forming efficiency assay, a dose-dependent reduction of the clonogenic activity of 
Balb/3T3 mouse fibroblasts was detected in the presence of rutile, but not in the case of anatase 
NPs. Similarly, the cell transformation assay and the micronucleus test showed that rutile TiO2 
NPs were able to induce type-III foci formation in Balb/3T3 cells and appeared to be slightly 
genotoxic, whereas anatase TiO2 NPs did not induce any significant neoplastic or genotoxic 
effect. Additionally, we investigated the interaction of TiO2 NPs with Balb/3T3 cells and 
quantified the in vitro uptake of titania using mass spectrometry. Results showed that the 
internalization was independent of the crystalline form of TiO2 NPs but size-dependent, as nano-
titania were taken up more than their respective bulk materials. 
In conclusion, we demonstrated that the cytotoxic, neoplastic and genotoxic effects triggered in 
Balb/3T3 cells by TiO2 NPs depend on the crystalline form of the nanomaterial, whereas the 
internalization is regulated by the particles size. 
 
 
Keywords: titanium dioxide nanoparticles; cytotoxicity; morphological neoplastic 
transformation; genotoxicity; micronucleus; uptake 
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Introduction 
Titanium dioxide nanoparticles (TiO2 NPs, titania) are currently used in a variety of applications 
ranging from the paper industry, where they confer whiteness and opacity in cellulose papers 
(Huang et al., 2011), to the production of antifogging and self-cleaning glasses and plastics 
(Howarter and Youngblood, 2008). TiO2 NPs are also used as food color additives and flavor 
enhancers (Weir et al. 2012) and in various cosmetics owing to their ability to absorb and scatter 
UV light (Wolf et al. 2003; Shi et al. 2013). Due to their photocatalytical properties titania can 
additionally be employed in the degradation of pollutants in water treatment implants (Chong et 
al. 2010). 
Nevertheless, the wide use of TiO2 NPs, which naturally can occur in three different crystalline 
forms namely anatase, rutile and brookite, raised concern in the last years. Based on the evidence 
that titania can induce lung cancer in rats, the International Agency for Research on Cancer 
(2010) classified TiO2 NPs as possibly carcinogenic to humans (group 2B). In fact, lung tumors 
(Xu et al., 2010), broncho-alveolar adenomas and cystic keratinizing squamous cell carcinomas 
(Mohr et al. 2006) developed following inhalation and instillation of, respectively, rutile and 
anatase TiO2 NPs. 
In addition, nowadays several studies report that titania might be harmful to human health. Rutile 
titania impaired the viability of human amnion cells (Saquib et al., 2012), skin fibroblasts and 
human epidermoid carcinoma cells (Uchino et al., 2011), but cytotoxicity was observed also in 
Chinese hamster fibroblasts (Hamzeh and Sunahara, 2013). Similarly, anatase TiO2 NPs induced 
oxidative stress, apoptosis and impairment of the mitochondrial activity in in vitro human-
derived glial and lung cells (Aueviriyavit et al., 2012; Huerta-Garcia et al. 2014). Moreover, 
anatase exerted cytotoxic effects in Chinese hamster fibroblasts (Chen et al. 2014) and in murine 
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osteocells (Bernier et al., 2012; Di Virgilio et al., 2010b). However, anatase was not cytotoxic in 
human intestinal cells (De Angelis et al., 2013), as well as in nasal mucosa cells (Hackenberg et 
al., 2010) and in lymphocytes (Hackenberg et al., 2011). 
Analogously, no conclusive results on the genotoxic potential exerted in vitro by anatase and 
rutile NPs have been reported. Increased DNA strand breaks and chromosome aberrations were 
detected in human intestinal, amniotic and epidermal cells (Saquib et al., 2012; Shukla et al., 
2011), and in Chinese hamster ovary and lung fibroblasts exposed to the two types of titania (Di 
Virgilio et al., 2010; Hamzeh and Sunahara, 2013). Conversely, anatase TiO2 NPs were not able 
to induce DNA damage in human nasal mucosa (Hackenberg et al., 2010) and peripheral blood 
lymphocytes (Hackenberg et al., 2011). 
Although many studies have been published showing experimental evidences of the toxic 
potential of TiO2 NPs, the role played by the crystalline form of titania in the toxic mechanisms 
is still unclear. In this study, we evaluated the effects induced in vitro by TiO2 NPs in Balb/3T3 
mouse fibroblasts which after exposure to carcinogens become tumourigenic forming 
morphologically transformed colonies (foci type III). Their ability to induce cancer in vivo is 
detectable by injecting the transformed cells in nude mice and observing their growth as 
sarcomas (Kurzepa et al., 1984; Saffiotti & Ahmed 1995). This cell model was selected among 
Syrian Hamster Embryo (SHE) cells, C3H10T1/2 and Bhas42 in vitro models (Kerckaert et al., 
1996; Isfort & LeBoeuf, 1996; Balls & Clothier, 2010) alternative to the use of animals able to 
detect morphological neoplastic transformation potential induced by chemicals and 
nanomaterials (NM).  
In particular, we compared the effects exerted by two crystalline forms (anatase and rutile) of 
nanosized titania with their respective bulk materials, focusing not only on the cytotoxicity and 
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the morphological transformation induced by TiO2 NPs, but investigating also the genotoxicity 
of titania and their internalization in Balb/3T3 cells. The in vitro cytotoxicity was assayed 
performing the non-colorimetric Colony Forming Efficiency (CFE) test, while Cell 
Transformation Assay (CTA) evaluated morphological neoplastic transformation induced by 
anatase and rutile TiO2 NPs. To investigate if TiO2 NPs are able to induce chromosomal damage, 
we performed the cytokinesis-blocked micronucleus (CBMN) assay, and the uptake of titania in 
Balb/3T3 cells was investigated by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), 
which allowed us to perform a correlation between the amount (expressed as mass and number 
of particles) of TiO2 NPs internalized and their toxic potential. 
 
Materials and Methods 
Synthesis and characterization of TiO2 NPs 
Pure anatase and rutile TiO2 NPs were obtained by hydrolysis and oxidation of TiCl3 as 
previously described (Cassaignon et al., 2007; Valsami-Jones et al., 2008; Sweeney et al. 2014).  
Stock suspensions of nanosized anatase (An-10), nanosized rutile (Ru-10), bulk anatase (BAN) 
and bulk rutile (BRU) were characterized in deionized water by Dynamic Light Scattering (DLS) 
and Transmission Electron Microscopy (TEM). For TEM analysis, each sample was dropped 
onto ultrathin Formvar-coated 200-mesh copper grids (Ted Pella, Inc.; USA) and left to air dry 
before image acquisition was performed with a JEOL 2100 electron microscope (JEOL USA, 
Inc.; USA). Zeta-potential was also recorded for all the samples at pH 7. To further investigate 
their behavior, TiO2 NPs were characterized by centrifugal liquid sedimentation (CLS) in 
deionized water and at increasing time points (0 – 24 – 48 – 72 h) incubation in complete cell 
culture medium. Before each analysis stock suspensions of TiO2 NPs were bath-sonicated (10 
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min) and then aliquots were added to deionized water or to complete cell culture medium to 
obtain 0.1 mg/ml test suspensions. CLS characterization was performed by using the 
DC24000UHR centrifugal particle sedimentation (CPS Instruments; The Netherlands) operated 
at a speed of 30,000 x g in an 8-24 % wt sucrose density gradient. 
 
Cellular system 
Immortalized Balb/3T3 mouse fibroblasts (clone A31-1-1) purchased from Hatano Research 
Institute (Japan). Cells were cultivated under normal cell culture conditions (37°C; 5% CO2; 
95% humidity) in complete cell culture medium composed of Modified Essential Medium 
(MEM) 1X (Invitrogen; Italy), supplemented with 10% (v/v) foetal bovine serum – Australian 
origin (Invitrogen; Italy) and 1% (v/v) antibiotics (Invitrogen; Italy). Sub-confluent cells (70-80 
%) were passaged weekly in tissue culture-treated flasks (BD Falcon; Italy). 
 
Colony Forming Efficiency (CFE) test 
To investigate the potential in vitro cytotoxicity of TiO2 NPs in Balb/3T3 mouse fibroblasts, 
Colony Forming Efficiency (CFE) assay was performed as previously described (Uboldi et al., 
2012). Deionized water and sodium chromate (1000 µM) were used as solvent (C solv) and 
positive (C +) control, respectively. After TiO2 NPs were bath-sonicated for 10 min, aliquots of 
the stock suspensions were directly pipetted into the culture dishes to obtain the desired test 
concentrations (1 – 5 – 10 µg/ml) and cells were exposed to titania for 24 h and 72 h. 
The number of colonies was scored using the software-operated colony counter GelCount
TM
 
(Oxford Optronix Ltd.; UK). Data were normalized to the solvent control and expressed as % 
CFE [(average of treatment colonies / average of solvent control colonies) × 100]. The standard 
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error of the mean (SEM) was calculated for 3 independent experiments and 3 replicates for each 
experimental point (SEM = standard deviation / square root of the number of replicates). 
Statistical significance was calculated by one-way ANOVA analysis with Bonferroni post hoc test 
(GraphPad Prism5 statistical software, GraphPad Inc.; USA). 
 
Cytokinesis-blocked micronucleus (CBMN) test 
To test the genotoxic potential of TiO2 NPs, we performed the CBMN test as already described 
(Uboldi et al. 2012). Cells were exposed to the fixed concentration of 10 µg/ml for each TiO2 
NPs. The data (3 independent experiments and 3 replicates for each experiments performed) 
were analyzed by manually scoring the presence of micronuclei (MN) in 1000 binucleated (BN) 
cells. The results are expressed as the number of binucleated micronucleated (BNMN) cells per 
1000 binucleated cells (BNMN/1000 BN cells) ± SEM. Statistical analysis was performed by 
one-way ANOVA with Bonferroni post hoc test (GraphPad Prism5 statistical software, 
GraphPad Inc.; USA), and differences versus C solv (ultrapure water) were considered 
statistically significant at p < 0.05. 
 
Cell Transformation Assay (CTA) 
Cell transformation assay (CTA) was performed to test if TiO2 NPs can induce morphological 
neoplastic transformation in Balb/3T3 fibroblasts since they become tumourigenic forming 
morphologically transformed colonies (foci type III). CTA is considered a powerful tool to 
investigate in vitro the morphological neoplastic transformation induced by chemicals and 
nanomaterials (Vanparys et al., 2010; Ponti et al., 2013). Recently, its development into an 
OECD test guideline was recommended (EURL ECVAM, 2012). 
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As previously described (Uboldi et al., 2012; Ponti et al., 2013), Balb/3T3 cells were seeded in 
100 mm-Petri dishes (3.34x10
3
 cells/ml; 6 ml/dish; 3 independent experiments and 5 replicates 
per concentration) and exposed for 72 h to TiO2 NPs (Table 1). Untreated Balb/3T3 cells and 
cells exposed to 4 µg/ml of 3 - methylcholanthrene (Sigma-Aldrich; Italy) were used as negative 
and positive controls, respectively. After fixation (4% (v/v) of formaldehyde in PBS) and 
staining (10% (v/v) Giemsa solution in ultrapure water), the morphologically transformed 
colonies (type-III foci) were scored as described by the International Agency for Cancer research 
IARC Working-Group (IARC/NCI/EPA, 1985). Transformation results were expressed as 
transformation frequency (Tf) using the formula Tf = [A/(B x C x D)], where A = total number of 
type III foci per treatment; B = CFE(%)/100; C = Plating Efficiency (%)/100; D = number of cell 
seeded multiplied per the number of plates; Plating Efficiency (%) = [(number of colonies 
formed in the control x 100) / 200], and 200 is the total number of cells initially seeded in each 
dish. Statistical analysis was performed applying the F-Fisher exact test and results were 
considered significant versus solvent control only when p < 0.05. 
 
Uptake of TiO2 NPs 
To verify and quantify the uptake of TiO2 NPs in Balb/3T3 mouse fibroblasts, the Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) technique was perfomed using a 7700 series ICP-
MS (Agilent Technologies Inc.; Italy). 5x10
5
 Balb/3T3 cells were seeded in 75 cm
2
 tissue culture 
treated flasks (BD Falcon; Italy) in 10 ml of complete cell culture medium, and treated with a 
nominal concentration of 0.5 mg/ml TiO2 NPs. 
After 72 h exposure, the medium was collected for each test sample and stored at - 20°C. The 
cells were washed twice with 5 ml PBS, and each wash was collected in a separate tube and 
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frozen for further analysis. Balb/3T3 cells were trypsinized, suspended with 9 ml of complete 
culture medium and then counted using a TC10 automated cell counter (Bio-Rad; Italy). After 
centrifugation, the supernatant was collected into a new tube and the dried pellet stored at - 20°C. 
Before performing ICP-MS analysis, the frozen samples were restored at RT. To quantify the 
amount of Ti internalized, the cellular pellet was mineralized with Aqua Regia (HNO3: HCl, 1:3 
v/v) and digested in a microwave (Discover SP-D; CEM SRL; Italy). Two independent 
experiments (3 replicates each experiment) were carried out and results were expressed as 
picograms (pg) of uptaken Ti /cell using the formula (A/B) x C, where A = [Ti], expressed as ppb, 
at the end of the experiment; B = total number of cells at the end of the experiment and C = 
conversion factor ppb to pg. We also calculated the number of internalized TiO2 NPs /cell using 
the formula D/B, where D = number of TiO2 NPs at the end of the experiment. D was calculated 
transforming the concentration of titania found in the cellular pellet in mass of nanoparticles. 
This value was transformed into number of nanoparticles knowing that titania are insoluble (De 
Angelis et al., 2013) and assuming that most of the particles are spherical and well dispersed. 
Statistical analysis was performed applying t-test and results were considered significant when 
p< 0.05. 
 
Results 
Characterization of TiO2 NPs: hydrodynamic diameter, PDI and Z-potential 
DLS measurements (Table 1) showed that the mean size diameter of as-synthesized An-10 and 
Ru-10 was 51.42 ± 0.35 nm and 134.40 ± 1.02 nm respectively while it was 333.80 ± 2.90 nm 
and 734.20 ± 15.56 nm for BAN and BRU respectively. Polydispersity index (PDI) for these 
samples were ranging between 0.17 ± 0.01 and 0.24 ± 0.04, indicating that TiO2 NPs were 
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relatively well dispersed in suspension. The Z-potential values at pH 7.0 for An-10 (- 5.64 ± 0.77 
mV), Ru-10 (+ 0.04 ± 0.13 mV) and BRU (- 6.62 ± 3.90 mV) indicated a tendency to 
agglomerate/aggregate, whereas BAN resulted highly negative (- 48.40 ± 1.04 mV) and stable. 
TEM characterization (Figure 1) indicated that An-10 is composed by primary particles of ovoid 
and spherical shape with a mean size diameter ranging from 11 nm to 18 nm, while Ru-10 
showed more elongated particles ranging from 10 nm to 35 nm. BAN and BRU were highly 
aggregated and composed of particles with different geometry, whose size ranged from 60 nm to 
400 nm (BAN) and from 250 nm to 600 nm (BRU). 
Further physico-chemical characterization of TiO2 NPs suspensions (100 µg/ml) in deionized 
water and in cell culture medium supplemented with 10% serum was performed by CLS (Table 
2). Freshly prepared An-10 (t = 0 h) resulted in nanoparticles of the same mean size range either 
in water or in culture medium (49  21 nm and 46  15 nm, respectively), while a slight but not 
significant increase in its hydrodynamic diameter was observed after 24 – 48 – 72 h incubation. 
Similarly, Ru-10 showed no significant increase in mean diameter when the value in water was 
compared to the particles size measured in the presence of serum proteins and at increasing time 
points. Analogously, bulk particles did not significantly increase their mean size in the presence 
of serum proteins (BAN = 260 ± 20 nm and BRU = 755 ± 180 nm) compared to deionized water 
(243 ± 16 nm and 717 ± 55 nm, respectively). 
In deionized water, DLS measurements of An-10, RU-10 and BRU are in agreement  with CLS 
data  except for the hydrodynamic diameter of BAN. When TiO2 NPs were diluted in complete 
culture medium, both Ru-10 and BAN displayed a significantly different hydrodynamic diameter 
(p < 0.01 and p < 0.001, respectively) in comparison to the native stock suspensions. Moreover, 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
11 
 
CLS analysis showed that at increasing time points the presence of serum did not significantly 
change the mean size diameter of TiO2 NPs. 
 
In vitro cytotoxicity of TiO2 NPs: evaluation of the clonogenic potential 
At 24 h exposure, none of the investigated TiO2 NPs significantly impaired the formation of 
Balb/3T3 colonies. Compared to deionized water, which was used as C solv (100% CFE ± 3.02), 
a slight but not significant CFE reduction (Figure 2) was observed in Balb/3T3 cells exposed to 5 
µg/ml Ru-10 (95.96% CFE ± 5.99) and to 5 µg/ml and 10 µg/ml BRU (97.17% CFE ± 5.21 and 
96.97% CFE ± 2.6, respectively). 
In contrast, 72 h exposure of Balb/3T3 cells to Ru-10 and BRU at 5 µg/ml and 10 µg/ml doses 
significantly reduced the CFE: 5 µg/ml Ru-10 impaired the CFE to 73.7% CFE ± 3.62 and 10 
µg/ml Ru-10 to 80.22% CFE ± 4.81. Similarly, 5 µg/ml and 10 µg/ml BRU affected the 
formation of Balb/3T3 colonies to 78.24% CFE ± 2.78 and to 79.38% CFE ± 3.97, respectively. 
A non-significant impairment of CFE was observed following 72 h exposure to An-10. In fact, 
compared to the C solv (100% CFE ± 5.84), 5 µg/ml and 10 µg/ml reduced the scored Balb/3T3 
colonies to 92.85% CFE ± 3.38 and to 89.64% CFE ± 7.0, respectively. In addition, a statistically 
non-significant cytotoxic effect was also observed in the presence of 1 µg/ml Ru-10 (82.21% 
CFE ± 8.54) and 1 µg/ml BRU (92.0% CFE ± 7.53). Taken together, our results indicated that 
the crystalline form (rutile) might be responsible for TiO2 NPs cytotoxicity in Balb/3T3 mouse 
fibroblasts. 
 
Genotoxicity and morphological neoplastic transformation induced by TiO2 NPs 
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Since the concentration of 10 µg/ml resulted sub-toxic or non-toxic for all the tested titania, it 
was selected as the most suitable concentration for genotoxicity and morphological neoplastic 
transformation tests. Using CBMN test, we observed that in the presence of TiO2 NPs, the 
nuclear division index (NDI; Figure 3A) did not significantly change as compared to C solv 
(NDI = 2.02) and confirmed that, for each experimental condition, Balb/3T3 cells replicated at 
least one time during the exposure period, as recommended by the Test Guideline 487 (OECD, 
2010). The analysis of micronuclei (MN) induction, as indicator of chromosomal damage, 
showed that a statistical significant (p < 0.001) result in comparison with C solv was observed 
only after exposure to 10 µg/ml Ru-10 and to the positive control 0.15 µg/ml MMC (Figure 3B). 
We further investigated the morphological neoplastic transformation potential of TiO2 NPs by 
performing the in vitro cell transformation assay (Figure 4). Compared to C solv (Tf = 1.4 x10
-4
 
± 0.1) Ru-10 induced statistically significant dose-dependent increasing transformation 
frequency. Similarly, BRU resulted transforming Balb/3T3 cells, and the highest Tf was scored 
at the highest tested dose (3.8 x10
-4
 ± 0.2 at 10 µg/ml). Although An-10 and BAN slightly 
enhanced type-III foci formation, their effect was not statistically significant. 
 
TiO2 NPs – Balb/3T3 interaction: uptake quantification 
Balb/3T3 were exposed to treatment suspensions at the theoretical concentration of 0.5 mg/ml 
for 72 h and in order to quantify the real titanium concentration, the treatment suspensions were 
analysed by ICP-MS. As shown in Figure 5A, Ru-10 (real concentration 0.51 ± 0.01 mg/ml) 
seems to be the most consistent with the expected theorical concentration; the measured An-10 
and BAN (0.55 ± 0.01 mg/ml and 0.44 ± 0.01 mg/ml, respectively) were slightly different from 
the theorical concentration, but the difference was not statistically significant. BRU, in contrast, 
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appeared as the treatment suspension that more significantly (p < 0.001) differed from the 
theoretical concentration (0.71 ± 0.02 mg/ml versus 0.5 mg/ml expected). This behaviour was 
probably due to the higher size distribution and higher tendency to aggregate as compared to the 
other titania tested (Table 1, 2). 
Interestingly, when the number of TiO2 NPs uptaken per cell was calculated (Figure 5B), 
nanosized anatase and rutile titania were internalized more significantly (p < 0.001) compared to 
their bulk counterparts: An-10 resulted being the most uptaken nanoparticles (1.07x10
8
 ± 
2.56x10
6
 NPs), followed by Ru-10 (1.93x10
7
 ± 1.44x10
6 
NPs), BAN (3.26x10
5
 ± 6.6x10
3
 NPs) 
and BRU (7.14x10
4
 ± 5.3x10
3
 NPs). Additionally, the number of anatase TiO2 NPs, either in the 
nanorange or in the bulk form, was statistically significant (p < 0.001) compared to rutile. 
Coherently, the quantification of the amount of Ti, expressed as pg/ml, still present in the 
collected supernatant at the end of the exposure period (Figure 5C) showed that BAN and BRU 
contained more Ti (5246.17 ± 114.03 pg/ml and 5895.15 ± 110 pg/ml, respectively) as compared 
to An-10 (299.68 ± 27 pg/ml) and Ru-10 (1291.48 ± 63 pg/ml). Consistently, the amount of Ti 
(pg/cell) internalized by Balb/3T3 mouse fibroblasts (Figure 5D) was higher in Ru-10 and An-10 
(5.06 ± 0.1 pg/cell and 4.15 ± 0.1 pg/cell, respectively) than in BAN (0.69 ± 0.1 pg/cell) and 
BRU (0.52 ± 0.06 pg/cell).  
Taken together, the uptake quantification data showed a correlation with the hydrodynamic 
diameter of the particles with a size-dependent pattern. The nanosized titania, which displayed 
the lower hydrodynamic diameter as shown in Table 2, were more easily internalized by 
Balb/3T3 than their respective bulks, indicating that size plays a role in the process. 
Interestingly, although An-10 was uptaken by Balb/3T3 mouse fibroblasts as efficiently as Ru-
10, the internalization of the particles did not correlate with the toxicity data, which showed 
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indeed a slightly more significant effect in the presence of nano-rutile titania, thus suggesting 
that the toxicity is triggered by the crystalline form of TiO2 NPs. 
 
Discussion  
Although TiO2 NPs are currently used in numerous industrial applications, a careful evaluation 
of their toxic potential is still needed. In this context, we studied the potential cytogenotoxicity, 
morphological neoplastic transformation and internalization of TiO2 NPs, and we showed that 
their crystalline form is a key parameter in their toxicity effect in Balb/3T3 fibroblasts. By 
colony forming efficiency assay, under our experimental conditions, cytotoxicity was not 
observed at 24 h exposure in the presence of titania, whereas at 72 h incubation 5 and 10 µg/ml 
nanosized and bulk rutile titania significantly affected the formation of Balb/3T3 colonies. 
Similar effects are already reported in the literature (Table 3). Sweeney and co-authors (2014) 
reported that the membrane integrity of TT1 human alveolar type-I-like epithelial cells was not 
affected by nanosized anatase and rutile titania, the same that was used in the present study. In 
contrast, Ru-10 seemed to have a greater pro-inflammatory activity because it stimulated a 
higher IL-6 and MCP-1 secretion compared to An-10 (Sweeney et al. 2014). At 1 – 5 – 10 µg/ml 
by MTT assay, Saquib and co-authors (2012) demonstrated that rutile TiO2 NPs impaired the 
viability of WISH human amnion cells, and the toxicity at 24 h was comparable to our CFE 
results at 72 h. These different results can be explained taking into consideration the size of the 
particles: while Saquib et al. (2012) studied TiO2 NPs with hydrodynamic diameter of 30 nm, 
our rutile titania ranged from 60 - 80 nm (Ru-10) to 730 - 750 nm (BRU) and that could have 
deferred the cytotoxic effect. 
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Our results show that the cytotoxicity of TiO2 NPs might not be simply triggered by the size of 
the particles, but that the crystalline form plays a role as well. In fact, while we measured a 
significantly higher internalization of anatase TiO2 NPs, it was the rutile crystalline form that 
induced cytotoxicity, genotoxicity and morphological transformation in Balb/3T3 fibroblasts. 
This effect was already reported in V79 cells, where within 24 h rutile TiO2 nanorods (420 nm) 
reduced the cell survival more severely than 365 - 460 nm anatase ones (Hamzeh and Sunahara, 
2013). Nevertheless, size-related cytotoxic effects exerted by rutile TiO2 NPs in normal human 
skin fibroblasts, in Chinese hamster ovary and in rat basophilic leukemia cells were also 
reported. As shown by Uchino et al. (2011), 20 nm rutile titania resulted more cytotoxic than 250 
nm ones, and the effect positively correlated with the amount of particles internalized. Similarly, 
by ICP-MS we also detected a more significant internalization of nano-rutile TiO2 NPs compared 
to its bulk, which could explain the higher toxicity induced by Ru-10 compared to BRU. 
Under our experimental conditions, we showed that Balb/3T3 colony formation is not affected 
upon exposure to low concentrations (1 - 5 - 10 µg/ml) of bulk and nano-anatase titania. 
Similarly, Kim et al. (2010) reported that, up to 500 µg/ml, anatase TiO2 NPs were not able to 
inhibit A549 and L-132 colony formation. Moreover, 15 nm TiO2 NPs (10 - 100 μg/ml) 
increased the survival of NIH-3T3 cells as shown by CFE assay (Huang et al., 2009). Taken 
together these results confirm that the crystalline structure has a key role in the cytotoxicity of 
TiO2 NPs. 
In contrast, previous studies reported that also anatase titania exert cytotoxic effects (Table 3). 
Cytotoxicity was detected in A549 cells exposed to anatase TiO2 NPs; analogously, anatase 
titania affected the mitochondrial integrity of human-derived glial cells (Huerta-Garcia et al. 
2014) and V79 hamster lung fibroblasts (Chen et al. 2014). 
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In addition to their cytotoxic potential, TiO2 NPs were already reported to induce genotoxic 
effects (Table 3). Anatase TiO2 NPs of 20 nm slightly enhanced MN formation in binucleated 
CHO-K1 cells after 24 h treatment (Di Virgilio et al., 2010), and in HaCaT cells 10 μg/ml of 200 
nm TiO2 NPs significantly increased the MN rate (Jaeger et al., 2012). Additionally, Shukla et 
al. reported that the dose-dependent increase in MN frequency and the induction of oxidative 
DNA lesions observed in A431 human epidermal cells were correlated to an enhanced lipid 
peroxidation following exposure to 170 nm anatase TiO2 NPs (Shukla et al., 2011). Moreover, 
Falck and co-authors (2009) showed that anatase TiO2 NPs (hydrodynamic diameter below 20 
nm) enhanced the MN frequency in human derived bronchial cells BEAS-2B. 
Our results partially confirmed these data, as we observed MN induction in Balb/3T3 at longer 
exposure periods (48 h), and only the chromosome aberrations induced by Ru-10 were 
statistically significant. In contrast, nano-rutile TiO2 NPs filaments, with primary size 10 x 40 
nm, were reported to not increase MN frequency in BEAS-2B cells (Falck et al. 2009). 
Additionally, we showed that the morphological neoplastic transformation is more related to the 
crystalline form than to the size of the particles: rutile TiO2 NPs were able to significantly induce 
type-III foci formation in Balb/3T3 cells, whereas anatase TiO2 NPs did not. To our knowledge 
this is the first in vitro study directly highlighting the neoplastic transformation potential of TiO2 
NPs, as previous investigations reported the same effect but via DNA damage analysis and, 
therefore, via a secondary genotoxic mechanism. 
Additionally, we demonstrated that rutile and anatase TiO2 NPs are internalized by Balb/3T3 
cells, showing thus that the reduced colony forming efficiency and the formation of MN and 
type-III foci were due to a direct interaction between titania and cells. However, while we 
observed that the cytotoxic and genotoxic potential of TiO2 NPs can be associated with their 
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crystalline form, the uptake of TiO2 NPs seemed to depend on their size. The nanosized An-10 
and Ru-10, which by DLS were shown to have a smaller hydrodynamic diameter compared to 
their bulk counterparts, were significantly more uptaken compared to BAN and BRU. Even if 
further studies on NPs dosimetry are necessary to better understand kinetics of nanomaterials and 
to measure the real administrated, delivered and internalized concentrations (Cohen et al., 2013; 
DeLoid et al., 2014), our ICP-MS data are in good agreement with previous published results. 
Aggregates/agglomerates of rutile TiO2 NPs were observed by TEM in cytoplasmic vesicles in 
A549 (Auevuriyavit et al., 2012) and WISH cells (Saquib et al., 2012). Shukla et al. (2011) and 
Hackenberg et al. (2010) detected TiO2 NPs in the nucleus of, respectively, human epidermal 
cells and human nasal mucosa cells, while in BEAS-2B cells the massive presence of particles in 
the perinuclear region was associated to an altered gene transcription induced by titania that, 
consequently, blocked the nuclear pores (Park et al., 2008). 
Taken together, our results showed that the crystalline form has a role in toxicity in Balb/3T3 
mouse fibroblasts. Rutile titania was slightly more toxic than anatase TiO2 NPs. These results 
might be explained taking into account the different reactivity of the two crystalline forms we 
have investigated. In fact, rutile TiO2 NPs are more photocatalytic than anatase and 
consequently, are able to generate higher amounts of oxygenated free radicals on their own 
surface (Fenoglio et al., 2009; Lipovsky et al., 2012). Moreover, since the ability of several types 
of nanoparticles to trigger genotoxic effects has been demonstrated to be linked to their ROS 
induction (Magdolenova et al., 2014), this can explain the results we have obtained by exposing 
BALB/3T3 mouse fibroblasts to TiO2 NPs. Nevertheless, other physicochemical properties (such 
as size, mono/polydispersity or surface charge) might play a synergistic role in the differences 
existing between the mechanism of toxicity of rutile and anatase.  
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Results available in the literature are difficult to compare mainly due to different factors that can 
alter the properties of nanomaterials such as their source, the synthesis protocol used, size, 
coating of NPs and their behavior in culture media. Therefore, further investigation on cyto-
genotoxicity of titania using a methodological approach linked to a systematic physico-chemical 
characterization is still required. 
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Figure legend 
 
Figure 1. TiO2 NPs stock suspensions shape and size determination. TEM micrographs of the 
as-synthesized TiO2 NPs indicated that An-10 (A) is composed by egg-shaped particles of 11 - 
18 nm, while Ru-10 (B) is more elongated and the particles have a mean size diameter of 10 - 35 
nm. BAN (C) and BRU (D) were highly aggregated and composed of particles with different 
geometry. 
 
Figure 2. Cytotoxicity induced by TiO2 NPs in Balb/3T3 mouse fibroblasts. Colony Forming 
Efficiency (CFE) was performed on Balb/3T3 cells exposed for 24 h and 72 h to increasing 
concentrations (1 – 5 – 10 µg/ml) of TiO2 NPs. Cytotoxicity was not observed after 24 h 
exposure, while at 72 h 5 µg/ml and 10 µg/ml Ru-10 and BRU significantly impaired the 
formation of Balb/3T3 colonies. An-10 and BAN did not exert any cytotoxic effect even after 72 
h incubation. The positive control sodium chromate (1000 µM) induced complete cell death (0% 
CFE). Mean of 3 independent experiments including 3 replicates each ± SEM. Data were 
compared to C solv (deionized water, 100% CFE) and evaluated by one-way ANOVA with 
Bonferroni post hoc analysis. ** p < 0.01. 
 
Figure 3. Genotoxic potential of TiO2 NPs by CBMN assay. The Nuclear Division Index (A) 
demonstrated that cells have divided at least one time during exposure to TiO2 NPs (24 h 
exposure with 10 µg/ml titania). The number of binucleated micronucleated cells (BNMN) 
scored in 1000 binucleated cells containing one of more micronuclei (B) indicated that An-10, 
Ru-10 and BRU induced MN formation, but only Ru-10 was statistically significant. The 
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statistical significance was evaluated by one-way ANOVA with Bonferroni post hoc analysis in 
respect to C solv. Mean of 3 independent experiments and 3 replicates each ± SEM. Mitomycin 
C (0.1 µg/ml) was used as positive control (C+). *** p < 0.001. 
 
Figure 4. Morphological neoplastic transformation induced by TiO2 NPs in Balb/3T3 
mouse fibroblasts. All the investigated TiO2 NPs induced type-III foci formation and the data 
are expressed as transformation frequency (Tf). Tf was slightly more severe and statistically 
significant in the presence of Ru-10 and BRU compared to their anatase counterparts. The 
statistical significance was evaluated by F-Fisher exact test and compared to C solv. Mean of 3 
independent experiments including 5 replicates each ± SEM. 3-Methylcholanthrene (4 µg/ml) 
was used as positive control (C+). * p < 0.05; ** p < 0.01; *** p < 0.001. 
 
Figure 5. TiO2 NPs – cell interaction: quantification by ICP-MS. Compared to the theorical 
(0.5 mg/ml), the measured concentration of TiO2 NPs in the treatment suspensions (A) was 
significantly different only in BRU (*** p < 0.001). Based on the real concentrations measured, 
the number of TiO2 NPs uptaken in each cell was calculated (B) and showed that An-10 and Ru-
10 were internalized more efficiently (*** p < 0.001) than BAN and BRU; moreover, the 
number of An-10 TiO2 NPs uptake per Balb/3T3 cell was significantly higher than Ru 10 (
###
 p < 
0.001) and BAN particles were taken up more (
§§§
 p < 0.001) than BRU. Accordingly, the ICP-
MS quantification of the amount of Ti, expressed as pg/ml, in the collected supernatant (C) 
revealed that bulk materials and the rutiles were the less internalized titania (*** p < 0.001). The 
quantification of the amount of Ti (pg/cell) uptaken by the total amount of Balb/3T3 mouse 
fibroblasts (D) after 72 h exposure showed that nanosized TiO2 NPs were internalized more (*** 
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p < 0.001) than bulk, but interestingly showed that Ti from Ru-10 was significantly higher (
#
 p < 
0.05) than An-10. Mean of 2 independent experiments ± SEM. 
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Tables 
 
Table 1. Characterization of TiO2 NPs by Dynamic Light Scattering. The hydrodynamic 
diameter and the Z-potential at pH 7 were measured for TiO2 NPs stock suspensions diluted in 
deionized water. 
 
Sample 
name 
Hydrodynamic diameter 
(nm)  
PDI 
a
 
Z-pot (mV) at pH 
7.0 
An-10 51.42 ± 0.35 0.24 ± 0.04 - 5.64 ± 0.77 
BAN 333.80 ± 2.90 0.19 ± 0.02 - 48.40 ± 1.04 
Ru-10 134.40 ± 1.02 0.17 ± 0.01 + 0.04 ± 0.13 
BRU 734.20 ± 15.56 0.24 ± 0.03 - 6.62 ± 3.90 
a) polydispersity index 
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Table 2. CLS disc centrifuge characterization of TiO2 NPs. The mean size diameter was 
determined in deionized water (A) and in complete cell culture medium (B) at the concentration 
of 100 µg TiO2 NPs / ml; Nominal density for An-10 is 3.89 g/cm
3
 and for Ru-10 is 4.23 g/cm
3
. 
 
A 
Deionized water 
t = 0 h 
Hydrodynamic diameter (nm) 
An -10 49 ± 21 
 Ru-10 61 ± 44 
BAN 243 ± 16  BRU 717 ± 55 
B 
Complete cell culture medium 
t (h) 
Hydrodynamic 
diameter (nm) 
 
t (h) 
Hydrodynamic 
diameter (nm) 
An-10 
0 26 ± 15 
Ru-10 
0 82 ± 8 
24 69 ± 24 24 58 ± 23 
48 65 ± 22 48 63 ± 22 
72 64 ± 21 72 60 ± 27 
BAN 
0 260 ± 20 
BRU 
0 755 ± 180 
24 254 ± 26 24 734 ± N/A 
48 257 ± 22 48 745 ± N/A 
72 260 ± 26 72 766 ± N/A 
N/A: not acquirable 
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Table 3. Toxicological effects of Anatase and Rutile in different sizes as reported in the literature. 
Cell Line Crystalline Structure and Size Effects observed Reference 
RBL-2H3 
rat basophilic leukemia cells 
Rutile 20 nm and 250 nm Size-related cytotoxicity Uchino et al., 2011 
CHO 
Chinese hamster ovary cells 
Rutile 20 nm and 250 nm Size-related cytotoxicity Uchino et al., 2011 
V79 
chinese hamster lung fibroblasts 
Anatase 360 - 460 nm 
Rutile 420 nm 
Rutile induced more cytotoxicity (decreased 
cell viability at concentrations ≥ 10 µg/ml) 
and apoptosis than anatase; anatase 460 nm 
was the most genotoxic 
Hamzeh & Sunahara, 2013  
Anatase 75 nm 
Time- and concentration-dependent 
impairment of cell viability; genotoxicity was 
detected at concentrations ≥ 100 µg/ml 
Chen et al., 2014 
RAW 264.7 
mouse macrophage cell line 
Rutile 30 - 40 nm 
Dose-dependent cytotoxicity and pro-
inflammatory activity 
Palomaki et al., 2010  
bmDC 
murine bone 
marrow-derived dendritic cells 
Rutile 30 - 40 nm 
Dose-dependent cytotoxicity and pro-
inflammatory activity 
Palomaki et al., 2010 
MC-3T3 
murine pre-osteoblasts 
Anatase 200 - 400 nm 
Dose-related cytotoxicity; enhanced IL-6 
secretion at concentrations ≥ 20 µg/ml 
Bernier et al., 2012  
L929 
mouse fibroblasts 
Anatase 200 - 400 nm 
Dose-related cytotoxicity; enhanced IL-6 
secretion at concentrations ≥ 500 µg/ml 
Bernier et al., 2012 
UMR 106 
rat osteosarcoma-derived cells 
Anatase 21 nm 
Dose-dependent cytotoxicity detected at 
concentrations ≥ 25 µg/ml 
Di Virgilio et al., 2010 
CHO-K1 
chinese hamster ovary cells 
Anatase 21 nm 
Dose-dependent cytotoxicity detected at 
concentrations ≥ 5 µg/ml; slight MN 
formation 
Di Virgilio et al., 2010b 
NIH3T3 
mouse embryonic fibroblasts 
Anatase 15 nm No cytotoxicity observed Huang et al., 2009 
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A549 
human alveolar carcinoma cells 
Anatase 20 - 40 nm 
Low impairment of colony formation up to 
500 µg/ml 
Kim et al., 2010  
Anatase 499 - 2865 nm 
Rutile 321 - 4235 nm 
Dose-related cytotoxicity and mitochondrial 
impairment 
Auevuriyavit et al., 2012 
WISH 
human amnion epithelial cells 
Rutile 30.6 nm (TEM), 13 - 308 
nm (DLS) 
Dose-dependent impairment in the cell 
survival 
Saquib et al., 2012 
HaCaT 
human keratinocytes 
Anatase 200 nm 
Significant MN formation  after 24-48 h and 
oxidative stress after 4 h exposure 
Jaeger et al., 2012  
NHSF 
normal human skin fibroblasts 
Rutile 20 nm and 250 nm Size-related cytotoxicity Uchino et al., 2011 
U373 
human glioblastoma astrocytoma 
cells 
Anatase 420 nm 
Induction of oxidative stress and 
mitochondrial depolarization 
Huerta-Garcia et al. 2014 
Caco-2 
human epithelial colorectal 
adenocarcinoma cells 
Anatase 200 nm No cytotoxic effects De Angelis et al., 2013 
TT1 
human alveolar type-I-like 
epithelial cells 
Anatase 10 - 11 nm 
Rutile 9 - 12 nm 
No cytotoxicity up to 100 µg/ml; dose-related 
IL-6 release, slightly greater following 
exposure to rutile 
Sweeney et al., 2014 
Primary human nasal epithelial 
cells 
Anatase 15 - 30 nm No cytotoxicity nor genotoxicity detected Hackenberg et al., 2010 
Freshly isolated human peripheral 
blood lymphocytes 
Anatase 15 - 30 nm 
No significant reduction of cell viability; no 
evidence 
for genotoxicity up to 200 µg/ml 
Hackenberg et al., 2011 
A431 
human epidermal cells 
Anatase 125 nm 
Concentration and time dependent 
impairment of cell viability; dose-related 
DNA damage; significant MN formation 
Shukla et al., 2011 
BEAS-2B 
human bronchial epithelial cells 
Anatase < 25 nm 
Rutile fibers 10 x 40 nm 
Anatase reduced cell viability more severely 
than rutile; dose-related MN formation after 
exposure to rutile 
Falck et al., 2009 
L132 Anatase 20-40 nm No impairment of cell viability and of colony Kim et al., 2010  
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